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ABSTRACT: Janus kinases (JAKs) regulate hematopoiesis via
the cytokine-mediated JAK-STAT signaling pathway. JAKs
contain tandem C-terminal pseudokinase (JH2) and tyrosine
kinase (JH1) domains. The JAK2 pseudokinase domain adopts
a protein kinase fold and, despite its pseudokinase designation,
binds ATP with micromolar affinity. Recent evidence shows
that displacing ATP from the JAK2 JH2 domain alters the
hyperactivation state of the oncogenic JAK2 V617F protein
while sparing the wild type JAK2 protein. In this study, small
molecule binders of JAK2 JH2 were identified via an in vitro
screen. Top hits were characterized using biophysical and structural approaches. Development of pseudokinase-selective
compounds may offer novel pharmacological opportunities for treating cancers driven by JAK2 V617F and other oncogenic JAK
mutants.
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Janus kinases (JAKs) are a family of nonreceptor tyrosine
kinases that signal via the conserved JAK-STAT cell

signaling pathway. The four JAK family members (JAK 1−3
and TYK2) each consist of seven Janus homology (JH)
domains that fold into an N-terminal FERM domain (JH7-
JH5), an SH2-like domain (JH4-JH3), as well as tandem C-
terminal pseudokinase (JH2) and tyrosine kinase (JH1)
domains.1,2 Previous studies have demonstrated that the JAK
pseudokinase domain is autoinhibitory of the protein’s kinase
domain activity, likely by direct interaction with the JH1
domain in cis.3−6 Various mutations within the JAK JH2
domain release autoinhibition, resulting in JAK hyperactivation.
Specifically, the emergence of the mutant JAK2 V617F protein
as the cause of the majority of myeloproliferative neoplasms
(MPN) has made JAK2 an attractive target for therapeutic
approaches.7−10 Several JAK2 inhibitors are currently in clinical
trials, including momelotinib (CYT387) and pacritinib
(SB1518), while the JAK1/2 inhibitor ruxolitinib has been
FDA-approved for the treatment of myelofibrosis and resistant
polycythemia vera.2 Current JAK-targeted small molecule
inhibitors used to treat MPNs are designed to target the JAK
tyrosine kinase domain in an ATP-competitive manner.
However, since the V617F mutation is localized within the
JAK2 pseudokinase domain, these drugs do not discriminate
between the wild type (WT) and mutant JAK proteins.
Similarly, targeting JH1 leads to unwanted side-effects, such as
neutropenia, anemia, and autoimmunity, which could be
avoided or prevented should the small molecule selectively
inhibit the mutant V617F protein.2

The pseudokinases of JAK1, JAK2, and TYK2 adopt a kinase
fold and bind ATP with micromolar affinity.11−15 Recent
mutagenesis studies suggest that displacing ATP from JAK2
JH2 reduces the basal and ligand-induced signaling of the full-
length JAK2 V617F mutant protein while leaving the WT JAK2
unaffected. These experiments suggest that small molecule
displacement of ATP from JAK2 JH2 may selectively inhibit the
action of the oncogenic mutant JAK2 V617F protein.15 Thus,
we sought to identify small molecules that bound selectively to
the JH2 domain of the JAK2 protein and further assess to what
extent these compounds bound the JH1 domain, if at all.
To this end, we performed a high-throughput fluorescence

polarization (FP) screen against the JAK2 JH2 domain. The
assay was designed to detect compounds that displace a
fluorescently labeled ATP molecule, BODIPY-ATP, from the
JH2 ATP-binding site. The JH2 protein was screened against
the Selleckchem and Enzo kinase inhibitor libraries. Out of the
435 inhibitors tested, there were numerous hits that scored
better than the ATP positive control (Supporting Information).
Although a counter-screen against JH1 was not performed, hits
were retested at multiple concentrations against both JH1 and
JH2 using the fluorescence polarization assay.
The pan-CDK and Aurora A/B inhibitor JNJ-770662116 was

the top hit from the screen (Figure 1). Since the limit of
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detection for the FP assay is in the single-digit micromolar
range (dictated by the Kd of ATP for the JH2 domain), the
exact dissociation constant of JNJ-7706621 binding to JH2 was
determined via isothermal titration calorimetry (ITC) to be 106
nM (Figure 2, Table S1), which is higher than the dissociation
constant previously determined for JNJ-7706621 binding to the
JAK1 JH2 domain (21 nM).17

In order to understand the molecular basis for binding, an X-
ray cocrystal structure was determined of JNJ-7706621 in
complex with JH2 (Figure 2). JNJ-7706621 directly interacts
with the backbone of hinge residues E627 and V629 as well as
the side chains of the gatekeeper residue, Q626, and conserved
β3 lysine, K581. Interestingly, in the ATP-bound structures of
both the WT and V617F JH2 domains (PDB ID 4FVQ and
4FVR), there is an ordered water that hydrogen bonds to N7 of
the ATP purine ring as well as Q626 and K581 and, thus, acts
to further bridge ATP to the JH2 protein. This ordered water is
displaced by the JNJ-7706621 carbonyl group, allowing the
compound to make a direct interaction with K581 (data not
shown).
We next identified whether JNJ-7706621 bound to JH1. The

dissociation constant was determined via ITC to be 31 nM
(Figure 3, Table S1). This value is roughly 7−8-fold tighter
than the dissociation constant previously determined for JNJ-
7706621 binding to the JAK2 JH1 domain (220 nM), which
may be attributed to differences in assay formats.17 The affinity
of JNJ-7706621 is roughly 3−4-fold tighter to JH1 over JH2.
We then determined the cocrystal structure of JNJ-7706621 in

complex with JH1 in order to understand the binding mode
and compare it to that of JNJ-7706621 bound to JH2 (Figure
3). The JH1 protein adopts a “DFG in” conformation and
retains the canonical salt bridge between the β3 lysine, K882,
and αC-helix glutamate, E898, both of which are hallmarks of
an active state protein kinase. The JNJ-7706621 compound
interacts with the backbone atoms of hinge residues E930 and
L932. Although JH1 lacks the analogous JH2 K581 and Q626
residues and, thus, hydrogen bonds to JNJ-7706621 (Support-
ing Information), the JNJ-7706621 sulfonamide amine hydro-
gen bonds to the L855 backbone carbonyl in the JH1 P-loop
(Figure 3).
The binding mode of JNJ-7706621 to the JH1 and JH2

domains is virtually identical, again, with the main interactions
being mediated by the hinge region of both proteins. However,
the JNJ-7706621 compound is shifted downward in JH2
relative to compound binding in JH1. This is likely due to the
fact that the analogous JH1 V863 and A880 are replaced by
I559 and L579 in JH2, the latter of which both create steric
bulk that forces the molecule downward (Supporting
Information). Comparing the JH1 and JH2 structures to X-
ray structures of other proteins crystallized with JNJ-7706621
(PDB ID 3AMA and 4QMU), the binding mode is identical
(data not shown).
The known Aurora/JAK2/JAK3 inhibitor AT928318 was also

identified as a hit from the JH2 screen (Figure 1). Again, the
exact dissociation constant was determined via ITC to be 11
nM and 1323 nM for JH1 and JH2, respectively (Figure 4,
Table S1). The X-ray crystal structure was determined in
complex with JH2 and shows a similar binding mode to that of
AT9283 in complex with JH1 (PDB ID 2W1I), with the
pyrazole-benzimidazole mediating hinge interactions (Figure
4). Unlike JNJ-7706621 and ATP, the AT9283 compound does
not directly interact with the JH2 gatekeeper Q626. Rather, the
amide carbonyl forms a water-mediated hydrogen bond to both
K581 and Q626.
The binding mode of AT9283 to JH1 and JH2 is similar but

with conformational differences in the cyclopropylamide and
morpholino groups (Figure 4 and Supporting Information).
Also, AT9283 does not enter the JH2 ATP-binding pocket to
the same extent that it does in JH1. Again, this may be

Figure 1. Chemical structures of the two top hits from the
fluorescence polarization screen, (A) JNJ-7706621 and (B) AT9283.

Figure 2. Characterization of JNJ-7706621 binding to the JAK2 JH2 domains. (A) Structure of the JAK2 JH2 domain in complex with JNJ-7706621.
Shown is the overall JH2 domain structure and magnified view of the ATP-binding pocket. (B) Isothermal titration calorimetry analysis of JNJ-
7706621 binding to JAK2 JH2.
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attributed to the steric bulk of the JH2 L579 as compared to the
JH1 A880, which would make the JH2 binding pocket narrower
(Supporting Information).
In closing, we have identified small molecules that bind to

the pseudokinase domain of JAK2. The top hit, JNJ-7706621,
binds to both JH1 and JH2 with nanomolar affinity. The
current compounds primarily bind to the JH2 hinge region
(Figures 2−4, Supporting Information). Since residues F594
and F595 in the JH2 αC-helix are essential for the
hyperactivation of the V617F mutant,15,19 medicinal chemistry
efforts will focus on extending compounds into the JH2 pocket,
likely toward the αC-helix (Supporting Information). Once
pseudokinase-selective small molecules are obtained, we will
further determine whether such compounds selectively inhibit
the constitutive activation of the oncogenic mutant JAK2
V617F protein.
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Figure 3. Characterization of JNJ-7706621 binding to the JAK2 JH1 domain. The structure contains two molecules in the asymmetric unit. Chain A
is shown for parts A and B. (A) Structure of the JAK2 JH1 domain in complex with JNJ-7706621. Shown is the overall JH1 structure and magnified
view of the ATP-binding pocket. (B) Different orientation of part A, showing the compound interaction with the JH1 P-loop. (C) Isothermal
titration calorimetry analysis of JNJ-7706621 binding to JAK2 JH1.

Figure 4. Characterization of AT9283 binding to the JAK2 JH1 and JH2 domains. (A) Magnified view of the ATP-binding pocket from the crystal
structure of JAK2 JH2 in complex with AT9283. (B) ITC analysis of AT9283 binding to the JAK2 JH2 domain. (C) Magnified view of the ATP-
binding pocket from the crystal structure of JAK2 JH1 in complex with AT9283 (PDB ID 2W1I). (D) ITC analysis of AT9283 binding to the JAK2
JH1 domain.

ACS Medicinal Chemistry Letters Letter

DOI: 10.1021/acsmedchemlett.7b00153
ACS Med. Chem. Lett. 2017, 8, 618−621

620

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsmedchemlett.7b00153
http://pubs.acs.org/doi/abs/10.1021/acsmedchemlett.7b00153
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00153/suppl_file/ml7b00153_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00153/suppl_file/ml7b00153_si_002.xlsx
mailto:joseph.schlessinger@yale.edu
http://orcid.org/0000-0002-3993-9520
http://orcid.org/0000-0002-5085-5969
http://dx.doi.org/10.1021/acsmedchemlett.7b00153


This work was also supported by The Yale-Gilead Collabo-
ration.

■ ABBREVIATIONS

JAK, Janus kinase; JH, Janus homology; JH1, JAK kinase
domain; JH2, JAK2 pseudokinase domain; FP, fluorescence
polarization; Kd, dissociation constant; ITC, isothermal titration
calorimetry

■ REFERENCES
(1) O’Shea, J. J.; Holland, S. M.; Staudt, L. M. JAKs and STATs in
immunity, immunodeficiency, and cancer. N. Engl. J. Med. 2013, 368,
161−70.
(2) O’Shea, J. J.; Schwartz, D. M.; Villarino, A. V.; Gadina, M.;
McInnes, I. B.; Laurence, A. The JAK-STAT pathway: impact on
human disease and therapeutic intervention. Annu. Rev. Med. 2015, 66,
311−28.
(3) Saharinen, P.; Takaluoma, K.; Silvennoinen, O. Regulation of the
Jak2 tyrosine kinase by its pseudokinase domain. Mol. Cell. Biol. 2000,
20, 3387−95.
(4) Saharinen, P.; Vihinen, M.; Silvennoinen, O. Autoinhibition of
Jak2 tyrosine kinase is dependent on specific regions in its
pseudokinase domain. Mol. Biol. Cell 2003, 14, 1448−59.
(5) Lupardus, P. J.; Ultsch, M.; Wallweber, H.; Bir Kohli, P.; Johnson,
A. R.; Eigenbrot, C. Structure of the pseudokinase-kinase domains
from protein kinase TYK2 reveals a mechanism for Janus kinase (JAK)
autoinhibition. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 8025−30.
(6) Shan, Y.; Gnanasambandan, K.; Ungureanu, D.; Kim, E. T.;
Hammaren, H.; Yamashita, K.; Silvennoinen, O.; Shaw, D. E.;
Hubbard, S. R. Molecular basis for pseudokinase-dependent auto-
inhibition of JAK2 tyrosine kinase. Nat. Struct. Mol. Biol. 2014, 21,
579−84.
(7) Baxter, E. J.; Scott, L. M.; Campbell, P. J.; East, C.; Fourouclas,
N.; Swanton, S.; Vassiliou, G. S.; Bench, A. J.; Boyd, E. M.; Curtin, N.;
Scott, M. A.; Erber, W. N.; Green, A. R.; Cancer Genome, P. Acquired
mutation of the tyrosine kinase JAK2 in human myeloproliferative
disorders. Lancet 2005, 365, 1054−61.
(8) James, C.; Ugo, V.; Le Couedic, J. P.; Staerk, J.; Delhommeau, F.;
Lacout, C.; Garcon, L.; Raslova, H.; Berger, R.; Bennaceur-Griscelli,
A.; Villeval, J. L.; Constantinescu, S. N.; Casadevall, N.; Vainchenker,
W. A unique clonal JAK2 mutation leading to constitutive signalling
causes polycythaemia vera. Nature 2005, 434, 1144−8.
(9) Kralovics, R.; Passamonti, F.; Buser, A. S.; Teo, S. S.; Tiedt, R.;
Passweg, J. R.; Tichelli, A.; Cazzola, M.; Skoda, R. C. A gain-of-
function mutation of JAK2 in myeloproliferative disorders. N. Engl. J.
Med. 2005, 352, 1779−90.
(10) Levine, R. L.; Wadleigh, M.; Cools, J.; Ebert, B. L.; Wernig, G.;
Huntly, B. J.; Boggon, T. J.; Wlodarska, I.; Clark, J. J.; Moore, S.;
Adelsperger, J.; Koo, S.; Lee, J. C.; Gabriel, S.; Mercher, T.; D’Andrea,
A.; Frohling, S.; Dohner, K.; Marynen, P.; Vandenberghe, P.; Mesa, R.
A.; Tefferi, A.; Griffin, J. D.; Eck, M. J.; Sellers, W. R.; Meyerson, M.;
Golub, T. R.; Lee, S. J.; Gilliland, D. G. Activating mutation in the
tyrosine kinase JAK2 in polycythemia vera, essential thrombocythemia,
and myeloid metaplasia with myelofibrosis. Cancer Cell 2005, 7, 387−
97.
(11) Toms, A. V.; Deshpande, A.; McNally, R.; Jeong, Y.; Rogers, J.
M.; Kim, C. U.; Gruner, S. M.; Ficarro, S. B.; Marto, J. A.; Sattler, M.;
Griffin, J. D.; Eck, M. J. Structure of a pseudokinase-domain switch
that controls oncogenic activation of Jak kinases. Nat. Struct. Mol. Biol.
2013, 20, 1221−3.
(12) Ungureanu, D.; Wu, J.; Pekkala, T.; Niranjan, Y.; Young, C.;
Jensen, O. N.; Xu, C. F.; Neubert, T. A.; Skoda, R. C.; Hubbard, S. R.;
Silvennoinen, O. The pseudokinase domain of JAK2 is a dual-
specificity protein kinase that negatively regulates cytokine signaling.
Nat. Struct. Mol. Biol. 2011, 18, 971−6.
(13) Bandaranayake, R. M.; Ungureanu, D.; Shan, Y.; Shaw, D. E.;
Silvennoinen, O.; Hubbard, S. R. Crystal structures of the JAK2

pseudokinase domain and the pathogenic mutant V617F. Nat. Struct.
Mol. Biol. 2012, 19, 754−9.
(14) Min, X.; Ungureanu, D.; Maxwell, S.; Hammaren, H.; Thibault,
S.; Hillert, E. K.; Ayres, M.; Greenfield, B.; Eksterowicz, J.; Gabel, C.;
Walker, N.; Silvennoinen, O.; Wang, Z. Structural and Functional
Characterization of the JH2 Pseudokinase Domain of JAK Family
Tyrosine Kinase 2 (TYK2). J. Biol. Chem. 2015, 290, 27261−70.
(15) Hammaren, H. M.; Ungureanu, D.; Grisouard, J.; Skoda, R. C.;
Hubbard, S. R.; Silvennoinen, O. ATP binding to the pseudokinase
domain of JAK2 is critical for pathogenic activation. Proc. Natl. Acad.
Sci. U. S. A. 2015, 112, 4642−7.
(16) Lin, R.; Connolly, P. J.; Huang, S.; Wetter, S. K.; Lu, Y.; Murray,
W. V.; Emanuel, S. L.; Gruninger, R. H.; Fuentes-Pesquera, A. R.;
Rugg, C. A.; Middleton, S. A.; Jolliffe, L. K. 1-Acyl-1H-[1,2,4]triazole-
3,5-diamine analogues as novel and potent anticancer cyclin-
dependent kinase inhibitors: synthesis and evaluation of biological
activities. J. Med. Chem. 2005, 48, 4208−11.
(17) Karaman, M. W.; Herrgard, S.; Treiber, D. K.; Gallant, P.;
Atteridge, C. E.; Campbell, B. T.; Chan, K. W.; Ciceri, P.; Davis, M. I.;
Edeen, P. T.; Faraoni, R.; Floyd, M.; Hunt, J. P.; Lockhart, D. J.;
Milanov, Z. V.; Morrison, M. J.; Pallares, G.; Patel, H. K.; Pritchard, S.;
Wodicka, L. M.; Zarrinkar, P. P. A quantitative analysis of kinase
inhibitor selectivity. Nat. Biotechnol. 2008, 26, 127−32.
(18) Howard, S.; Berdini, V.; Boulstridge, J. A.; Carr, M. G.; Cross, D.
M.; Curry, J.; Devine, L. A.; Early, T. R.; Fazal, L.; Gill, A. L.;
Heathcote, M.; Maman, S.; Matthews, J. E.; McMenamin, R. L.;
Navarro, E. F.; O’Brien, M. A.; O’Reilly, M.; Rees, D. C.; Reule, M.;
Tisi, D.; Williams, G.; Vinkovic, M.; Wyatt, P. G. Fragment-based
discovery of the pyrazol-4-yl urea (AT9283), a multitargeted kinase
inhibitor with potent aurora kinase activity. J. Med. Chem. 2009, 52,
379−88.
(19) Dusa, A.; Mouton, C.; Pecquet, C.; Herman, M.;
Constantinescu, S. N. JAK2 V617F constitutive activation requires
JH2 residue F595: a pseudokinase domain target for specific inhibitors.
PLoS One 2010, 5, e11157.

ACS Medicinal Chemistry Letters Letter

DOI: 10.1021/acsmedchemlett.7b00153
ACS Med. Chem. Lett. 2017, 8, 618−621

621

http://dx.doi.org/10.1021/acsmedchemlett.7b00153

